A novel nanocage structure derived from carboxymethyl--cyclodextrins (CMCDs) intercalated in layered double hydroxides (LDHs), whose gates can be controlled by the process of swelling/drying the CMCD-LDH, has been prepared. Furthermore, the extent of opening of this nanocage structure can be controlled by swelling in different solvents. Dodecylbenzene (DDB) as the guest molecule has been incorporated into the nanocage structure through two different routes: intercalation of CMCD in the LDH followed by inclusion of DDB (intercalation-inclusion method) and inclusion of DDB in CMCD followed by intercalation of the host-guest complex into the LDH (inclusion-intercalation method). For the convenience of using this nanocage as an absorbent and storage vessel for neutral guest, films of the resulting composite materials (CMCD-LDH) were fabricated by the method of solvent evaporation on glass substrates. The structures, chemical compositions, morphologies, and physicochemical properties of the materials were fully studied. Moreover, the effects of the combined confinement of both the LDH layers and the cyclodextrin cavity on the encaged guest were investigated. Compared with the confinement effect produced by cyclodextrin only, this double-confinement imposes stronger restrictions on the mobility of the guest molecule, which leads to a blue shift of the fluorescence spectrum and increases the decay time of the guest. Therefore, this structured nanocage might have potential applications as adsorbents, synergistic agents, and storage vessels for neutral molecules.
Introduction
Over the past 20 years, there has been a surge of interest in nanomaterials, including structures with at least one dimension under 100 nm. 1, 2 Caging a guest molecule within a nanostructured host lattice produces a confined system with interesting physical and chemical properties. These host systems provide a unique opportunity for exploring the effects of a size-controlled nanoenvironment on the structural and dynamical properties of guest molecules. 3, 4 A direct consequence of confinement is restricted translational and rotational mobilities, or reorientation of the molecule. Additionally, the properties of the materials can be tuned by confining materials on a quantum scale, such as by reducing the dimensions from bulk materials to twodimensional layers, 4, 5 one-dimensional hollows, 6 and zerodimensional dots. 7 Recent interests have focused on hollowsphere structures, which can encage large quantities of guest molecules or large-sized guests within the "empty" core domain.
Layered double hydroxides (LDHs, also known as anionic clays) are a class of materials consisting of positively charged brucite-like layers and exchangeable interlayer anions. They have recently received increasing attention, owing to their versatility and usefulness in a wide range of technological applications such as adsorbents, 8 functional materials, 9 twodimensional solid-state nanoreactors, 10 bioactive nanocomposites, 11 and so on. LDHs can be represented by the general formula [M 2+ 1-x M 3+
x (OH) 2 ] x+ (A nx/n ) · mH 2 O, where M 2+ and M 3+ are divalent and trivalent metal cations, respectively, and A n-is an anion. The structure of LDHs is most clearly described by considering the brucite-like structure, Mg(OH) 2 , which is built up of octahedral units with a Mg 2+ ion at the center that is coordinated to hydroxyl groups. In an LDH material, isomorphous replacement of a fraction of the divalent cations by a trivalent cation occurs and generates a positive charge on the layers that necessitates the presence of interlayer, chargebalancing anions. The remaining free space of the interlayer galleries can be occupied by varying numbers of water molecules.
Cyclodextrins (CDs) are one of the most important host molecules for providing nanocavities. They are truncated coneshaped molecules with a hydrophilic outside and a hydrophobic hollow. Because of this structure, CDs form inclusion complexes with various organic molecules. CDs are useful for investigating the effects of spatial restriction because the cavity diameter varies with the number of glucose units constituting the CD, e.g., R-CD (5 Å) consisting of six units, γ-CD (6.5 Å) consisting of seven units, and γ-CD (8 Å) consisting of eight units. 12 Modified cyclodextrins have been used as "guest" molecules incorporated into layered hosts such as montmorillonite, 13 R-ziconium phosphate, 14 and layered double hydroxides. [15] [16] [17] In our previous work, the intercalation of sulfated -cyclodextrin and carboxymethyl--cyclodextrin into LDHs and the structural characterization, thermal decomposition behavior, and enantioselective adsorption properties of the resulting materials were reported. 18, 19 In the commonly observed powder form, LDHs have a "house-of-cards" structure involving edge-to-face particle interactions, 20 which limits their suitability for research and applications. The preparation of LDH films is one of the most effective solutions to this problem. [21] [22] [23] [24] Use of immobilized LDH nanocrystal films provides several advantages. For example, films can be conveniently used as structured adsorbents, structured catalysts, and other devices. In addition, film allow for the observation of morphological changes in the LDH during reaction.
In this article, we report an easily prepared, controllable nanocage structure formed by carboxymethyl--cyclodextrin (CMCD) nanocavities intercalated in an LDH, as well as its swelling/contraction properties in different solvents. Interestingly, when the CD nanocage intercalates into the interlayer region of an LDH, both openings of the CD are blocked by LDH sheets, forming a lockable nanocage. Furthermore, it was found that the opening and closing of the nanocages can be controlled based on the swelling property of the LDH (schematized in Figure 1 ). When the CMCD-LDH composite is dispersed in solvents such as water or ethanol, the interlayer spacing expands to provide sufficient space for the guest molecule to diffuse from the solution into the nanocavity of CMCD. After the solvent is removed by drying of the sample, the interlayer spacing decreases to its original size, and the guest molecule is thus retained in the nanocavity. The expansion and contraction of the basal spacing lead to the opening and closing of the nanocage and is reversible for repeated swelling/drying cycles. As a result, the cycle of encapsulation into and departure from the nanocage for the guest is also reversible and controllable.
In order to study the properties of the confined nanocage between the sheets of the LDH, we chose dodecylbenzene (DDB) as the model molecule. Two different routes for the synthesis of DDB/CMCD-LDH powder were employed, and a film of the CMCD-LDH nanocage structure was fabricated by the method of solvent evaporation on glass substrates. Moreover, the effects of the combined confinement of both the LDH layers and the CMCD cavity on the encaged guest were investigated. Compared with the confinement effect produced by cyclodextrin only, this double-confinement imposes stronger restrictions on the mobility of the guest molecule, which results in a blue shift of the fluorescence spectrum and increases the decay time of the guest. Therefore, the aim of this work was to provide a procedure for the construction of nanocage structure based on functionalized CD/layered material composites and to present a detailed understanding of how the nanoenvironments of the LDH-intercalated CD cavities influence the photophysics of the included DDB guest molecules. It can be expected that this structured nanocage could be directly applied to adsorb, store, deliver, or interact cooperatively with a wide range of neutral molecules.
Experimental Section
Reagents. All chemicals including Zn(NO 3 ) 2 · 6H 2 O, Al(NO 3 ) 3 · 9H 2 O, NaOH, NaNO 3 , ethanol, n-hexane, N,Ndimethylformamide, formamide, -cyclodextrin ( -CD), and DDB were of analytical grade and were used without further purification. -CD and DDB were purchased from Aldrich; the others were obtained from Beijing Chemical Plant Limited.
Syntheses. Synthesis of CMCD. CMCD was synthesized according to the procedure described in the literature, 25 with some modifications. In brief, CD (32.4 g) and NaOH (35.2 g) were dissolved in 200 mL of water, and monochloroacetic acid (37.8 g) was added with gentle stirring. The mixture was heated at 80°C for 3 h. The solution was then cooled in an ice bath, and the pH was adjusted to 6.0 with concentrated hydrochloric acid. Methanol was gradually added to the solution with stirring to obtain CMCD precipitate. The average number of carboxylate groups (4.1) per CMCD molecule was determined using 1 H NMR spectroscopy. 26 Synthesis of DDB/CMCD-LDH Powder. DDB/CMCD-LDH powder was prepared by two different methods.
In the intercalation-inclusion method, the precursor NO 3 -LDH was prepared by a coprecipitation method similar to that reported previously. 27 CMCD-LDH was obtained by the method of ion exchange. A solution of CMCD (2.5 g) in deionized water (50 mL) was added to a suspension of NO 3 -LDH (10.0 g) in water (100 mL), and the pH of the solution was kept at 6.0 by adding 0.1 mol/L NaOH solution or 0.1 mol/L HNO 3 solution during the reaction. The mixture was heated at 60°C under a nitrogen atmosphere for 48 h. The product was washed extensively with deionized water, centrifuged, and stored to be used later in an inclusion reaction. DDB was included within CMCD-LDH by reaction with an ethanol solution. In a typical inclusion experiment, 0.10 mL of DDB was allowed to equilibrate with suspension of CMCD-LDH (9.5 g) in ethanol (100 mL) with stirring at 70°C for 48 h. The solid was washed thoroughly with ethanol, centrifuged, and dried at 70°C for 20 h. This product is denoted P1.
In the inclusion-intercalation method, a mixture of two solutions, one consisting of CMCD (2.0 g) in water (20 mL) and the other consisting of DDB (0.08 mL) in ethanol (50 mL), was refluxed at 60°C for 48 h under vigorous magnetic stirring to obtain the DDB/CMCD inclusion complex. A sample of 8.0 g of NO 3 -LDH was added to this solution, and then the mixture was stirred at 70°C for 48 h. The solid was washed extensively with ethanol and water, centrifuged, and dried at 70°C for 20 h. This sample is denoted P2.
Synthesis of DDB/CMCD-LDH Films. In the intercalationinclusion method, a CMCD-LDH film was prepared by applying an aqueous CMCD-LDH suspension (1.0 wt %) to a glass substrate and then drying it at 70°C for 20 h. All glass substrates were pretreated in an aqueous H 2 O 2 /NH 4 OH (3:7 v/v) solution for 30 minand then rinsed thoroughly with deionized water. The CMCD-LDH film was dipped into 30 mL of an ethanol solution of DDB (0.26% v/v) in a microwave oven. After an initial ramp program from ambient temperature to 110°C, the solution was maintained at this temperature for 120 min by appropriate choice of microwave oven power. After the sample had been cooled to room temperature, the film on the glass substrate was washed thoroughly with ethanol and dried at 70°C for 20 h. This sample is denoted F1. In the solvent evaporation method, an aqueous suspension of DDB/CMCD-LDH (P2), after dilution to 2.8 wt % at pH 6, was dripped onto a glass substrate and dried in air at 70°C for 20 h. This sample is denoted F2. 
Swelling of CMCD-LDH in SolWents.
Dried CMCD-LDH (1.0 g) was separately dispersed in 100 mL of various solvents, such as water, methanol, ethanol, n-propanol, and n-butanol, by a 15-min ultrasonic treatment and then refluxed at 45°C for 48 h. The white precipitates obtained were collected by centrifugation.
Characterization. Powder X-ray diffraction (XRD) patterns of the samples were recorded using a Shimadzu XRD-6000 diffractometer with Cu KR radiation (λ ) 1.5406 Å). Simultaneous thermogravimetry-mass spectrometry (TG-MS) analyses were performed with a Pyris Diamond thermogravimetrydifferential thermal analysis (TG-DTA) instrument coupled to a ThermoStar QM220 mass spectrometer by a quartz capillary transfer line at 180°C. The heating rate was 10°C min -1 , with a N 2 flow of 100 mL min -1 . The scanning speed was 1 amu s -1 , with a filtering time of 0.03 s. The TG apparatus operated at atmospheric pressure, and the mass spectrometer operated at a working pressure of 3 × 10 -6 mPa and an electron energy of 70 eV. Metal analysis was performed by inductively coupled plasma (ICP) emission spectroscopy on a Shimadzu ICPS-7500 instrument using solutions prepared by dissolving the samples in dilute HCl. Carbon, hydrogen, and nitrogen analyses were carried out using an Elementarvario elemental analysis instrument. Scanning electron microscopy (SEM) images were obtained using a Hitachi S-4700 scanning electron microscope. Fluorescence spectra were recorded on a Shimadzu RF-530PC instrument. Fluorescence decay measurements were carried out at room temperature on an Edinburgh FLS920 time-resolved and steady-state fluorescence spectrometer, equipped with a continuous-wave 450-W xenon arc lamp as the excitation source for steady-state measurements and a nanosecond flash lamp for lifetime measurements using the time-correlated single-photoncounting technique. The flash lamp operated at a pulse frequency of 40 kHz with a typical pulse half-width of 1 ns. All decays were measured with a range of 100 ns, and counts at the maximum were about 3000 in all decays. The adequacy of the nonlinear least-squares fit was judged by the reduced 2 value (<1.2 in all cases).
Results and Discussion
CMCD-LDH as a Controllable Nanocage. The XRD patterns of NO 3 -LDH and CMCD-LDH are displayed in Figure 2 , and the lattice parameters are listed in Table S1 of the Supporting Information. All of the patterns indicate formation of a well-crystallized hydrotalcite-like LDH phase. In each case, the reflections can be indexed to a hexagonal lattice with R3m rhombohedral symmetry, commonly used for the description of LDH structures. 28, 29 The intercalation of CMCD in the lamellar host structure was clearly evidenced by the increase in the d 003 basal spacing from 0.884 nm for the precursor NO 3 -LDH to 1.610 nm for CMCD-LDH. The corresponding gallery heights were calculated to be 0.404 and 1.130 nm, respectively, by subtracting the thickness of the inorganic layer (0.48 nm). 30 Taking into account the dimensions of the carboxymethyl-modified -cyclodextrin molecule (CD molecules should be regarded as truncated cones with an outer diameter of 1.53 nm 12 and a height of 1.06 nm 15 ), the CMCD molecule must adopt a monolayer arrangement with its cavity axis perpendicular to the LDH host layer (shown in Figure 3) .
The XRD patterns of the CMCD-LDH samples swollen in water, methanol, ethanol, n-propanol, and n-butanol are summarized in Figure S1 of the Supporting Information. It was found that the interlayer distance (d 003 ) of CMCD-LDH increases significantly after the material is swollen. As reported by other researchers, 31,32 the expansion of the interlayer distance increases the system energy, whereas the associated interlayer reorganization and hydrogen bonding can decrease it. Therefore, the formation of a hydrogen-bonding network among the host layers, interlayer anions, and solvent molecules plays an important role in the swelling process. In the case of dry CMCD-LDH, the hydrogen-bonding network exists mainly between the metal-hydroxide layers and the CMCD anions. After the material is swollen in various solvents, the solvent molecules diffuse into the interlayer region and participate in the formation of the hydrogen-bonding network. It was found in this work that the expansion of interlayer spacing decreases with increasing size of the hydrophobic part of the solvent (from 2.338 nm in water to 1.632 nm in n-butanol, as shown in Figure S1 of the Supporting Information). This trend is expected, because the hydrophobic tails interact unfavorably both with the hydrophilic LDH layers and with the exterior of CMCD. Therefore, it is disadvantageous for a solvent with weak polarity to be involved in the formation of the interlayer hydrogen-bonding network. Figure S2 (Supporting Information) shows that the d 003 values of the redried CMCD-LDH samples are quite close to that of fresh CMCD-LDH (1.610 nm), demonstrating the recovery property of swollen LDH. As a result, the opening/closing of the interlayer CMCD nanocage can be controlled by repeating swelling/drying cycles. Inclusion Ability of the CMCD-LDH Nanocage. X-ray Diffraction. The XRD patterns of CMCD-LDH, DDB/ CMCD-LDH (both P1 and P2), and reclaimed CMCD-LDH (from both P1 and P2) are shown in Figure 4 , and the lattice parameters are listed in Table S1 of the Supporting Information. It was found that, upon inclusion of DDB (Figure 4b,c) , the value of d 003 of CMCD-LDH increased from 1.610 to 1.804 and 1.778 nm for P1 and P2, respectively, corresponding to increases of 0.194 and 0.168 nm. According to a comparison between the increase in gallery height and the molecular length of DDB (1.93 nm, calculated using Chemwindow 6.0) as well as the inclusion property of CDs, it can be concluded that the phenyl moiety of a DDB molecule is included in the cyclodextrin cavity, whereas the alkyl chain remains outside the cavity. A schematic representation of the possible arrangement for DDB/CMCD-LDH is shown in Figure 3 . To gain insight into the process of releasing DDB from this nanocage, we subsequently reclaimed the CMCD-LDH by stirring P1 or P2 in water/ethanol (2:5) solution for 48 h, and the XRD patterns are displayed in Figure 4d ,e. An obvious shift of the (003) reflection to higher 2θ value can be observed for the two reclaimed CMCD-LDH samples, with d 003 values reduced to 1.581 and 1.560 nm, respectively, which are close to that of fresh CMCD-LDH (1.610 nm). The UV-vis spectrum of the filtrate after the release experiment is shown in Figure S3b of the Supporting Information. The spectrum shows band at about 256 nm, which is in accordance with the characteristic of the pristine DDB ( Figure S3a, Supporting Information) . This indicates that the DDB molecules depart from the opened nanocages in the water/ethanol solution during the releasing process. Figure S4 (Supporting Information) shows the XRD patterns of the CMCD-LDH and DDB/CMCD-LDH films (F1 and F2) on glass substrates, which are significantly different from those of the corresponding powder samples (Figure 4) . The sequence of strong (00l) peaks up to l ) 15 at low angle and the absence of any nonbasal reflections (h,k * 0) at high angle for the films are characteristic of extremely well c-oriented assemblies of LDH platelets. The basal spacing of the CMCD-LDH film sample is 1.659 nm, close to the value of the corresponding powder sample. However, the basal spacing increases to 1.710 nm (F1) and 1.732 nm (F2) after reaction with DDB, indicating that the alkyl benzene has been successfully included into the cavity of CMCD.
Simultaneous thermogravimetry (TG) and differential thermal analysis (DTA) combined with analysis by mass spectrometry (MS) also confirms the inclusion of DDB by CMCD-LDH. Figure S5 and S6 (Supporting Information) display the TG-DTA profiles and TG-MS traces, respectively, for DDB/CMCD-LDH. Table S2 (Supporting Information) lists the proposed mass numbers and ion current intensities of the observed species. A detailed discussion can be obtained in the Supporting Information.
Elemental Analysis. The chemical compositions of the synthesized powder products NO 3 -LDH, CMCD-LDH, and DDB/CMCD-LDH (P1 and P2) are listed in Table 1 . As shown in Table 1 , the experimentally determined Zn/Al molar ratio of CMCD-LDH is approximately equal to that of the NO 3 -LDH precursor, and it decreased slightly after the inclusion of DDB into the CMCD-functionalized LDH. The extent of inclusion of DDB in the CMCD-LDH was found to correspond to a ratio of 0.400 and 0.525 molecules of DDB per anchored CMCD cavity in P1 and P2, respectively. The higher molar ratio of DDB to CMCD in P2 than in P1 indicates that the inclusionintercalation route is more effective than the intercalationinclusion route in achieving the inclusion of DDB in CMCD-LDH.
SEM. SEM images of the three film samples, CMCD-LDH, F1, and F2, are shown in Figure 5 . In all cases, the films exhibit a mostly flat surface in the view (Figure 5A-C) . The individual LDH platelets, with diameters of ca. 200 nm, are densely packed in the two-dimensional plane of the film. A high degree of c-axis orientation of the LDH platelets is observed, consistent with the XRD data ( Figure S4 , Supporting Information). The edgeview image of F2 ( Figure 5D ) shows that the thickness of the film is about 2 µm with anisotropic structural features. The CMCD-LDH and F1 films also exhibit similar uniformly densely packed c-oriented arrangements of platelets (edge views not shown). LDH particles are platelets with a tendency to lie on their largest surface to share surface anions between platelets. Therefore, the face-to-face type of aggregation of platelets is predominant in these LDH films, similar to other reports of the formation of LDH films on substrates. Space-Confinement Effect of the Nanocage on DDB. Study of Fluorescence Properties. Any molecule containing delocalized π electrons such as DDB has a reasonable chance of being fluorescent. The fluorescence excitation and emission spectra of DDB in ethanol (solid line) and of the DDB/CMCD inclusion complex in water/ethanol solution (dashed line) are shown in Figure 6A . The positions of the bands for both the excitation and emission spectra of DDB are similar to those of benzene. 33 The excitation peak of DDB at around 235 nm ( Figure 6A , solid line) is associated with the S 0 f S 2 transition. The spectral features at 274, 284, and 293 nm in the excitation spectra are due to excitation from the ground state (S 0 ) to different vibrational energy levels of the first electronic excited state (S 1 ). The corresponding emission (S 1 f S 0 ) in the fluorescence spectrum appears at 310 nm. In comparison with DDB itself, the intensities of the peaks in the spectrum of DDB/CMCD in water/ethanol (2:5) are enhanced, with emission and excitation peak maxima moving to longer wavelengths ( Figure 6A , dashed line). After inclusion in CMCD, the main excitation bands S 0 f S 2 (∼312 nm) and S 0 f S 1 (∼350 nm) shift by ∼77 and ∼66 nm, respectively, to longer wavelength compared with those of the pristine DDB in ethanol, whereas the absorption band S 0 f S 3 transition appears at about 274 nm. Moreover, a red shift of ∼114 nm in the fluorescence emission band (424 nm) of DDB is observed after inclusion in CMCD, which is considered to be clear evidence for the formation of an inclusion complex. The spectral shifts indicate that the excited states of the caged DDB are in a more stable structure upon encapsulation. Interactions between a guest molecule and its surroundings can broaden the vibrational bands of the spectra, and the degree of broadening is indicative of the strength of the moleculesurroundings interaction. 34 In contrast to DDB itself, the vibrational bands in the fluorescence spectra of DDB/CMCD cannot be resolved, indicating that the interactions of the guest with its surroundings increase after inclusion.
In general, interpretation of the band shift in the fluorescence spectrum with different surroundings is complicated, because the observed changes can be the results of several quite different interactions that might either augment or minimize each other. [35] [36] [37] [38] [39] To gain a clearer insight into the significance of the various effects of the surroundings, the fluorescence and absorption spectra of DDB in solvents of different dielectric constants and of DDB after inclusion in unsubstituted CD and CMCD in water/ethanol solution were recorded. Figure S7 (Supporting Information) shows the emission spectra of DDB in n-hexane, ethanol, N,N-dimethylformamide (DMF), and formamide and of DDB included in CD and CMCD in water/ ethanol solution. The emission bands of DDB in the first four solvents are observed at 283, 309, 342, and 405 nm, respectively. The red shift of the emission wavelength is well-correlated with the corresponding dielectric constant (n-hexane < ethanol < DMF < formamide). In the cases of inclusion by CD and CMCD, the emission bands of DDB move to 413 and 424 nm, respectively. The results demonstrate that binding of DDB to CD and CMCD changes the local environment in a way that is similar to increasing the dielectric constant. There have been many debates over the dielectric constant inside cyclodextrin nanocavities. Several authors 40, 41 have estimated the dielectric constant of cyclodextrin on the basis of absorption or fluorescence spectral data such as peak shifts or peak intensity ratios of guest molecules used as probes. The reported data range widely ( )5.0-74), depending on the host-guest combination. This variation in the effective dielectric constant in CD cavities can be explained by the size difference between the guest molecule and the cavity diameter. DDB is a small aromatic molecule, containing only one phenyl group. When CD incorporates DDB, other small molecules such as water or ethanol can also be included in the cavity. As a result, the effective dielectric constant is expected to be large, consistent with the observed fluorescence spectra. The emission spectrum of DDB/ CMCD (at 424 nm) shows a red shift of 11 nm compared to that of DDB/CD (at 413 nm), indicating that the introduction of the carboxylate substituent leads to an increase in the dielectric constant of the CD cavity. Figure 6B displays the fluorescence excitation and emission spectra of DDB included in CMCD that has been intercalated in the restricted gallery region of LDH (P1, solid line; P2, dashed line). It can be seen that the band positions in the fluorescence excitation and emission spectra of P1 and P2 are rather close. The excitation bands at around 276, 315, and 358 nm are associated with S 0 f S 3 , S 0 f S 2 , and S 0 f S 1 transitions, respectively. Obvious band broadening can be observed, and no vibrational bands can be resolved. The emission spectra of both P1 and P2 display the characteristic emission peak at 399 nm, representing a significant blue shift compared with that of DDB/CMCD in solution (424 nm). Most probably, the shift to shorter wavelength is reminiscent of the effects of enhanced restriction. As the nanocavities of CMCD are enclosed by LDH sheets, the effects of restriction on the included DDB are induced not only by the cyclodextrin cavities, but also by the LDH sheets in the opening of CMCD. This double-confinement imposes stronger restrictions on the rotation and translation of the guest molecule, as well as the increased interactions between guest and host. Therefore, an obvious blue shift in the emission spectrum for DDB/CMCD-LDH can be detected.
To study the influence of the DDB content on the fluorescence properties, the fluorescence emission spectra of P2 were recorded with different molar ratios of DDB to CMCD ranging from 0.05 to 0.51 (see Figure S8 , Supporting Information). It was found that no significant band shift could be observed (all appear at ca. 399 nm) with increasing DDB/CMCD ratio, whereas the fluorescence intensity increased continuously. The explanation for this behavior is straightforward. The cyclodextrin cavities are anchored to the LDH host sheets and thus lack translational mobility. These anchored CMCD cavities prevent aggregation of DDB molecules, so that the intermolecular interaction in this system is rather weak. Therefore, the influence of DDB content on the shift of the fluorescence emission band is negligible.
The emission spectra of DDB/CMCD-LDH films on glass substrates (F1 and F2) are shown in Figure 7 . The emission band (S 1 f S 0 ) of included DDB appears at 391 nm. Compared to those of the powder samples, the emission bands of the films shift to slightly shorter wavelengths, which might be due to the enhanced effect of the constrained geometry after the formation of the film. This result is in accordance with the XRD study, in which the basal spacing of the film samples is less than that of the powder samples, indicating that a straighter nanocage formed in the film.
Fluorescence Decay Measurements. Time-resolved fluorescence decay measurements can provide more direct information about the environment around DDB. The fluorescence decay data were fitted to the equation
where n ) 1, 2, etc. The fluorescence decay profiles were recorded for excitation at 272, 312, 315, and 340 nm with emission monitored at 310, 424,, 399 and 391 nm for DDB, DDB/CMCD, DDB/ CMCD-LDH powder sample (both P1 and P2), and F2, respectively. It should be explained that, because the fluorescence intensity of F1 was too weak, the fluorescence lifetime could not be measured. The results are shown in Figure 8 .
The fluorescence lifetimes (τ) and pre-exponential factors (A) for DDB in ethanol, DDB/CMCD in water/ethanol, P1, P2, and F2 are summarized in Table 2 . It was found that the decay curve for DDB in ethanol gives a good fit to a single-exponential function. In contrast, the decay curves for DDB/CMCD in water/ ethanol, for DDB/CMCD-LDH (both P1 and P2), and for F2 could be fitted not to a single-exponential function but to a linear combination of two exponential functions. The two-component decay indicates that the DDB molecules are located in two different environments and that the interconversion of the two species is much slower than the fluorescence decay, which occurs on the nanosecond time scale.
The reason for the double-exponential fluorescence lifetime of DDB in DDB/CMCD-LDH could be the presence of free DDB molecules in the LDH gallery space in a dynamic equilibrium with included DDB given that the free DDB would presumably have different decay kinetics from the complexed DDB. However, this can be ruled out by the following experiment: A sample of NO 3 -LDH was added to a solution of DDB in ethanol and stirred at 70°C for 48 h (the same reaction conditions as for inclusion of DDB in CMCD-LDH). No fluorescence signal could be obtained for the resulting sample, indicating that the hydrophobic DDB was unable to diffuse into the hydrophilic LDH gallery. Another explanation for the double-exponential decay could be a mixture of 1:1 and 1:2 DDB/CMCD complexes between the layers of LDH, with each of them showing different decay kinetics. This idea can also be eliminated, because CMCD can adopt only a perpendicular monolayer-like arrangement (see the section X-ray Diffraction) and, thus, formation of a DDB/CMCD complex with 1:2 stoichiometry is not feasible. An alternative explanation is that both DDB environments involve insertion into the CD host, as it was previously shown that insertion of substituted phenyl compounds into CDs might give a mixture of two or more alternative forms. 42, 43 Based on our experiments and previous studies, the observed kinetics for DDB in DDB/CMCD-LDH can be explained by a dynamic equilibrium between DDB molecules that are tightly bound to CMCD (with a relatively long fluorescence decay time) and those that are located near the exit of the hydrophobic cavity (with a relatively short fluorescence decay time).
It can be observed from Table 2 2%) ]. This result further confirms the effect of the locked nanocages on the stabilization of the excited state of the caged DDB. In the case of DDB included in CMCD that is locked by LDH sheets, the doubleconfinement effect intensively decreases the radiationless rate constant due to twisting motion and thus increases the fluorescence lifetime of the encaged DDB. Therefore, the fluorescence decay lifetimes of DDB/CMCD-LDH are longer than those of DDB/CMCD in water/ethanol solution. A comparison between the powder and film samples reveals that the fluorescence lifetimes of F2 are longer than those of P2 and a larger proportion of included DDB in F2 adopts the tightly caged mode compared to that in P2. This result indicates that the confinement effect of the constrained geometry is enhanced after the formation of the film with a high degree of c-axis orientation of the LDH platelets, which is consistent with the blue shift of the bands in the fluorescence spectrum of F2.
Conclusions
A novel nanocage structure derived from CMCD intercalated in LDH was studied in this work. The opening/closing of the nanocage can be controlled by the process of swelling/drying the CMCD-LDH in various solvents. In both powder and film samples, CMCD molecules adopt a monolayer arrangement, with the axis of the cavity perpendicular to the LDH sheets, and DDB molecules are driven into these hydrophobic cavities by partitioning from a polar solvent. The XRD results show that the basal spacing of the resulting DDB/CMCD-LDH material is larger than that of CMCD-LDH, and the pyrolysis fragments of DDB appear above 450°C in the MS trace of DDB/CMCD-LDH. These results all confirm the inclusion of DDB in the CMCD nanocavities in the interlayer galleries. Compared with the DDB/CMCD complex in solution, the DDB included in CMCD-LDH is embedded in the locked CMCD nanocage, and the restriction effect is induced by both the cyclodextrin cavities and the LDH sheets in the opening of CMCD. This double-confinement imposes stronger restrictions on the mobility of the guest molecule, which causes a blue shift in the fluorescence spectrum and increases the decay time. The decay times can be fitted by a double-exponential function, indicating that the DDB molecules are accommodated in two different inclusion environments, i.e., one loosely bound and the other tightly bound. Therefore, this work provides a controllable nanocage based on a functionalized CD/layered material composite that could be directly applied to adsorb, store, deliver, or interact cooperatively with a wide range of neutral molecules.
